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ABSTRACT

DENDRITIC DEVELOPMENT OF PUTATIVE
BLUE GAGNLION CELLS IN THE

RHESUS MACAQUE

Michael D. Snyder

Steineke and Kirby(1994)reported that arbors of parasol ganglion cells that

ramify in the middle layers ofthe inner plexiform layer(IPL)are transiently bistratified,
becoming unistratified during late fetal periods. In this study I examined cells that ramify

in the extreme inner and outer layers ofthe IPL, in fetal macaque, and compared their
dendritic growth to cells ramifying in the middle IPL layers.
Timed dated fetal monkeys were delivered by C-section, euthanized, and their
retinas rapidly removed and horseradish peroxidase stained using diaminobenzidine.

Dendritic arbors were measured in wholemounts with quantification ofthe area and depth
of each portion ofthe arbor in the IPL.
During mid-gestation ganglion cells with all or part oftheir arbor in the extreme

inner or outer IPL (putative blue ganglion cells)formed four classes. The majority
(48.9%)of putative blue cells were unistratified with their arbors ramifying either in the
inner- or outer-most IPL. The second class(33.2%) had bistratified arbors with one

portion in both the inner- or outer-most IPL and the other portion ramifying in the middle
IPL. The third class(9.4%)were bistratified with one part ofthe arbor in the inner-most
layer and the other portion in the outer-most layer ofthe IPL. Lastly, 8.4% of putative
blue cells were observed to have tristratified arbors. These cells had the majority oftheir

dendritic arbor in the middle IPL layers with small portions ramifying in the extreme
inner and/or outer IPL.

During late gestation the third and fourth classes, were rarely encountered. The

other two classes were more prominent, especially the second class(70.8%)that may be
precursors to the small field bistratified cells in the adult. Both ofthese later classes were

analyzed and found to exhibit an outer- to inner-most maturation sequence within the

In conclusion,four classes of putative blue ganglion cells undergo similar

development and precision of dendritic growth as other ganglion cells, with the exception
ofsome bistratified cells that may persist in the adult. Maturation appears to occur from
outer- to inner-most within the IPL.

CHAPTER ONE

INTRODUCTION

Neural function is one ofthe least understood subjects in medicine. Therefore,

neurological disorders are among the most difficult to treat. Although new technology
has made advances in treatment of neurological disorders there is still much more to be
understood concerning the structure and function ofthe CNS. Many diseases such as
Parkinson's disease, Alzheimer's disease, and multiple sclerosis will be more readily
treated. Spinal cord and major nerve injuries may become repairable as an understanding
ofgrowth and regeneration of neural tissue increases. Eventually, hearing loss or
blindness due to brain damage may be reversed.
In studying the development of blue ganglion cells, it is easy to realize the impact
that could occur in related areas. It is not just visual systems that are being studied.
Rather, neuropathways in general will be better understood. But, many questions beyond

neurobiology arise. For example, why is blue color recognition important? How did it
originate? Is there an advantage to recognizing blue light? Is blue color recognition an
older trait than red/green recognition as currently believed? Can blue color recognition

cause an isolation of species from those that can not recognize blue?
The retina ofthe eye is an important neurological structure to study for several
reasons. First, it is a structure ofthe CNS that can be isolated with well-established and

easily recognizable boundaries. Therefore to understand its development and function
will give clues to the development and function of other neurological structures within

the CNS. Second, it is a useful model of sensory transduction. Light is converted into
electrochemical impulses by specialized neurons called photoreceptors. To better
understand retinal growth and development, it will first be helpful to review the anatomy
and physiology of a working model ofthe adult retina.

RETINA STRUCTURE AND FUNCTION

Light Path

Retinal circuitry within the vertebrate visual system has been intensively studied
anatomically, and is well understood both structurally and functionally. The retina is
arranged in a multi-layer fashion that allows light to penetrate through the innermost
layers to the light receptors that are found in the outermost layers just adjacent to the

pigmented epithelium (Fig. 1).
Light passes through the inner limiting membrane and nerve fiber layer and
through the other retinal layers before it is received by photoreceptor cells ofthe
photoreceptor layer. The photoreceptor cells convert light into electrochemical signals
using neurotransmitters produced by the photoreceptor cells. These neurotransmitters
conduct the electrical impulse along a neuropathway through the retina to the ganglion
cells in the ganglion cell layer. Transduction ofthe electrical impulse occurs via

horizontal cells, bipolar cells, and amacrine cells. Finally, the retinal ganglion cells
transmit the impulses to the rest ofthe CNS using axons that form the optic nerve.
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Fig. 1 Section of Retina. Photomicrograph of the human retina showing the main layers.
Adapted from Burt, 1993.

Layers of Retina

The retina is classically divided into three nuclear layers consisting of the
ganglion cell layer, the inner nuclear layer, and the outer nuclear layer. Each of these
layers, corresponding to the location of cell bodies of five classes of retinal cells, have

specialized neural cells that play a unique role in the processing of vision. The first layer.

adjacent to the pigmented epithelium that lines the back ofthe eye, is called the outer
nuclear layer or photoreceptor layer and has two primary cell types: rods and cones. The
second layer is the inner nuclear layer and contains the bipolar, horizontal, and amacrine
cells. The third layer is the ganglion cell layer and contains retinal ganglion cells.

Information mostly flows in an outward to inward direction (vertical flow), but horizontal
and amacrine cells cause a lateral flow ofinformation within the outer plexiform layer
(OPL)and inner plexiform layers(IPL), respectively.
Rods aid in the detection oflow levels ofambient light, detecting wavelengths
from 390 to 770 nm. Rods contain the visual pigment rhodopsin that plays a role in
phototransduction. Rhodopsin absorbs light photons when they strike the disk in which
the molecule resides. The light activates rhodopsin causing it to stimulate the enzyme
cGMP phosphodiesterase that reduces cyclic guanosine monophosphate, or cGMP,
concentrations in the cytoplasm. The reduced levels ofcGMP causes special cGMPgated channels in the plasma membrane to close, thus hyperpolarizing the photoreceptor.
There are three different cone types, each having one ofthree different color
pigments called opsins, which serve a similar function as rhodopsin in rods. They are
maximally sensitive to wavelengths of420 (short), 531 (medium), or 558(long) nm

which correspond to the primary colors blue, green, and red (Burt, 1993). Cones

therefore aid in the detection ofcolors and operate in bright light. The detection of blue,
red, and green light is referred to as a trichromatic system and is common in the Old
World primates such as Rhesus macaque and some females ofNew World primates.
Systems that detect only two different colors are called dichromatic, these are found in

New World primates, except the females in many ofthese species that are mostly
trichromatic.

Rods and cones typically synapse with bipolar cells in the OPL. The bipolar cells
then synapse with the ganglion cells in the IPL. Red cones synapse with bipolar cells that
handle red responses and synapse with ganglion cells that respond to red color input.
Similarly, green cones synapse with circuitry that responds to green color input and blue
cones will synapse with circuitry that responds to blue color input. Cones will synapse
with ganglion cells that have arbors that ramify in the (IPL). The IPL is then further
divided into two sublaminae that contain five different strata (Hendrickson et al, 1985),

these are described more fully in the ganglion cell section.

RETINAL CELL TYPES AND CLASSES

Three Types of Cones

The cones are unequally distributed in a mosaic over the retina having their
highest density in the foveola where there are few or no rods. In primates, quantitative
assessment ofthe types and distribution ofthese wavelength-sensitive cones in several
different primates has been achieved by the development of opsin-specific antisera

(Wikler and Rakic, 1994). Monoclonal antibodies specific for markers on the cone cell

coat or on the synaptic vesicle have been used to determine the density and location of
specific cone subtypes in various species(Wikler and Rakic, 1990; 1991; 1994; Kouyama
and Marshak, 1992; Famiglietti and Sharpe, 1995). The distributions vary from species
to species but common patterns are evident(Wikler and Rakic, 1994). In adult monkeys.

about 90% ofthe cones across the retina are labeled with antisera for the red- and green-

cone opsin. The remaining 10% are labeled with antisera to blue-cone opsin (Wikler and
Rakic, 1991). It is not clear what the exact ratio ofthe distribution ofred to green to blue
cones are across the retina because there is a 96% homology between the sequences for
red versus green. Therefore, red and green are described together as red- and green-cone
opsins.
In addition to the absence ofrods in the central fovea, a small area ofthe foveola

has been reported to lack, or contain few, blue(S)sensitive cones in monkeys(Marc and
Sperling, 1977; Ahnelt etal, 1987; Szel etal., 1988; Curcio etal., 1991). Hendrickson
(1997)reports that there are no S-wavelength sensitive cone free areas in macaca monkey
retina while the human retina contain a 100 pm diameter S-cone free zone in the fovea.
Developmentally, it has been shown that the foveola region contains blue sensitive cones

in retinas from fetuses ofEl42 and El43 ages which represents about 10% ofthe
population (Rohlich et al., 1993).

Bipolar Cells

Bipolar cells are intemeurons that receive impulses from the cones and relay them

to ganglion cells. They are found in the inner nuclear layer and function along with

horizontal cells to effect discrimination between colors by the brain. Bipolar cells are
distinguished by the cone type with which they synapse. They specialize in the
transmission ofimpulses that are specific to the circuitry they are associated with. In the
previous section it was stated that about 10% ofthe cones were blue sensitive while the

rest were red or green sensitive. Thus, it would be expected that about 10% ofthe bipolar
cells receive blue input.

Kouyama and Marshak(1992)reported that the number ofbipolar cells is about
20% greater than the cones at every eccentricity (distance from the fovea into the

periphery) ofthe retina. This means that the ratio of bipolar cells to cones is not 1:1. In
all eccentricities they found the mean number ofcones presynaptic to bipolar cells is 1.2,
while the mean number of bipolar cells to post-synaptic to each cone is 1.8. Do blue

bipolar cells make up about 10% ofthe total bipolar cell population? One cone may
synapse with several bipolar cells, depending on its location in the periphery. Further, it

is evident that several bipolar cells may synapse with one ganglion cell (Gouras, 1991).
It is not certain how the circuitry ofthe individual pathways is constructed and how the
number of blue cones correlates to the number of blue ganglion cells.

Ganglion Cells

Ganglion cells are found just below the inner limiting membrane and the

nerve fiber layer (Fig. 2). The nerve fiber layer consists ofthe axon bundles ofthe
ganglion cells and other neurons that transverse the inside ofthe retina toward the optic

disk. The axons leave the retina through the optic disk combining to form the optic
nerve. The cell body ofthe retinal ganglion cell lies in the ganglion cell layer. Most of
these cells relay their impulses to the lateral geniculate nucleus(Perry et al., 1984). They
project their dendritic arbors into the IPL where they synapse with the bipolar cells.
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Fig. 2. Typical Retinal Ganglion Cell. A 35mm photograph ofE138 retinal ganglion
cell. Notice the fine processes ofthe dendritic arbor. The branches ofthis cell seem to
mostly ramify in one plane in the IPL. The cell body is still apparent even though the
plane offocus is below the ganglion cell layer.

The IPL is divided into two separate sublaminae, sublamina a and sublamina b
(Fig. 3). These sublaminae contain strata, which are distinguished by the presence of
amacrine cells. The two strata ofthe IPL, below the amacrine cell bodies, are contained
within sublamina a, while the other three strata ofthe IPL stretch to the border ofthe IPL

i'

Fig. 3. Oi^anization of Inner Plexiform Layer. Organization ofcone bipolar cells and
ganglion cells in the IPL. Cone bipolar cells (f) and (i) have axon terminals ending in
sublaminae a and b (corresponding to off and on layers ofthe IPL respectively)
contacting the dendrites of ganglion cells(Ga~ofF cells) and(Gb~on cells). The strata of
the IPL are number 1 through 5. Taken from Nelson, et al., 1978.

with the ganglion cell bodies(Kolb, 1994). The strata ofthe IPL are of nearly equal
depth, but the sublaminae are not equal. Sublaminae a is narrower than sublaminae b
(ibid.). While the morphological characteristics do not define the physiological
characteristics ofthe retinal ganglion cells, they can be unique to specific cell types. For
example, on-centered ganglion cells have dendrites that extend into sublamina b while
the off-centered ganglion cell has dendrites that extend deeper into sublaminae a (ibid.).

Therefore, this particular morphological characteristic is helpful to identify a particular
ganglion cell class.

The dendritic arbors are the most distinctive morphological feature ofthe retinal

ganglion cells. They can vary in size and complexity. As they develop embryologically,
they tend to become larger and more complex. At E50-55 cell birth occurs and by E90
the dendritic arbors become distinct. At El38 the dendritic arbor is similar to the adult

arbor in complexity and structure. The same trend is recognized as the ganglion cells
increase their eccentricity from the fovea. The cells in the foveal region tend to be small
with simple arbors that are not highly branched, while the cells in the periphery are
larger with larger dendritic areas that are more complex and highly branched. In the

primate, the dendritic arbors for the majority ofthese cell classes ramify in a single plane
either in the sublaminae a or b ofthe IPL.

COLOR CODING CIRCUITRY

The ganglion cell monitors a region ofthe retina called its receptive field. The
receptive field is made up principally oftwo parts: the receptive field center and the
surround. The receptive field can be likened to a doughnut, where the hole is like the

center and the doughnut is the surround. Two classes of cells are described by the way
the centers respond to light. First, there is the On-centered cell that responds when light
is shined on its receptive field by receiving input fi^om the circuitry that synapses with it.
Ifthe center surround is responsive to the onset oflight then the surround will be
responsive to the offset oflight. Then, there is the Off-centered cell that responds for a

short while after the light is removed. Ifa ganglion cell responds to the offset oflight in
its center then its surround will be responsive to the onset oflight. If both the center and
surround are stimulated by light then only a weak response is recorded. This indicates
that the center and the surround are antagonistic to each other. Each ofthese two

ganglion cell classes can be responsive primarily to red, green, or blue wavelengths.
Cones respond to light frequencies to which they are sensitive. For example, if
light of wavelength 558 nm (long wavelength) contacts the photoreceptors then the red
cones will be stimulated most strongly and the brain will interpret it as red. But, since we
see many shades and hues in-between red and any other color, it is notjust the red cones

that are stimulated. Other cones that are sensitive to blue or green may also be stimulated
to lesser degrees adding a shade or hue ofthe wavelength they are sensitive to. A

trivariant system works as a color opponency system where cones are paired
antagonistically against one another oftwo different color pigments.
According to Gouras(1991), a photon always generates the same electrical

response from a particular photoreceptor. The photoreceptor is not able to distinguish the
wavelength ofthe light being received but rather contributes its response and the rest of
the circuitry determines the wavelength. But, a cone absorbs photons more efficiently at
the wavelength for which it specializes. So, a cone will fire when it is stimulated with

light ofa wavelength that it is not specializing in, but it takes a more intense exposure to
this light to get that cone to fire. Whereas, if it were exposed to colored light ofthe
wavelength for which it specializes, it would fire more frequently and therefore will
contribute more to the visual information.

These phenomenon contributes to color opponency. Opponency is the
antagonistic effect oftwo impulses that will partially or completely cancel each other. It

is the contributions ofthe parts ofa color-opponency pathway that gives the sum total of
information on the light perceived. The antagonism ofthe color opponency produces
shades and hues ofthe primary colors. That is, when a pathway contains a red and a
green component and a yellow wavelength light is received, the primary colors red (from
the red cone)and green(from the green cone)are cancelled out and the information that
remains is a yellow signal (from the green cone).

There appears to be two major opponency pathways, a red-green opponency

pathway and a blue-yellow opponency pathway. The neural mechanisms producing color
opponency are not well understood(Dacey and Lee, 1994). It has been assumed that a

ganglion cell is receiving a signal that is a combination oftwo signals—one that is more

excited for one ofthe pigments and one that is more inhibited for the other pigment. Redgreen and blue-yellow opponencies originate from distinct retinal ganglion cell types
which appear to be associated with distinct circuitry(Dacey, 1996). Whereas, some cells

exhibit a direct "private line" from a single cone type-specific input, cells in the periphery
exhibit convergent additive input from multiple types of cone circuitry. The
morphological characteristics ofeach cell cause this phenomenon. Each ganglion cell
receives color input in the same receptive field that determines on- or off-centeredness.

The center seems to receive input directly from the cone that is specific for that ganglion
cell—it is the primary information handled by the cell. The surround can receive input

that is from non-specific sources and these inputs can be both additive and antagonistic to
the direct center input.
In the retinas ofold world primates, chromatic information is being reported as
the sum ofthe antagonistic signals between red and green cone inputs and the sum ofthe
antagonistic signals between blue cones and a sum ofred and green(= yellow)(Xiang, el

al, 1996). So,if an object emits a shorter wavelength then the object would appear more
yellow or blue. That is why we can see shades that appear orange or yellow. Thus,
shades of different color are detected when more than one cone type is stimulated
(Gouras, 1991). This is typical ofthe Rhesus macaque color detection system and is
similar to the human vision system as well.

CLASSIFICATION OF GANGLION CELLS

There are several classes of ganglion cells defined physiologically according to
their responses to light, light frequencies, and contrast sensitivity. They have also been
classified morphologically according to their soma size, dendritic arbor size, and
dendritic complexity.

Physiological Classification

Some ofthe earliest classification work was developed with bullfrogs. Two ofthe
principle findings were that some ganglion cells responded at the onset oflight (on-cells),
and other ganglion cells responded to the offset oflight (off-cells)(Hartline 1938;
Steineke, 1994; Xiang, et al, 1996). A small area ofthe visual field elicited a response to

a spot oflight that he termed the receptive field. On- and off-centered is defined by how
the ganglion cells react to the cones' response to stimulation by light. Bipolar and

ganglion cells respond with a variety ofresponses, which are determined by the circuitry
to which they are connected. "On-cells," respond to the onset oflight, with a
depolarization ofthe cell, wheras "off-cells" respond when the light is turned off with a
hyperpolarization ofthe cell. Cones stimulated by light release less neurotransmitter,

resulting in the dis-inhibition of"on-cells" and the inhibition of"off-cells." And further,
turning the light offcauses the inhibition of"on-cells" and the dis-inhibition of"off-

cells." The result is the transmission of opposing signals that work together as a dual
system to determine the intensity ofthe fi^equency oflight being received (Hartline, 1938,
1940a, b; Hurt, 1993; Steineke, 1994; Xiang, etal, 1996).
In later studies Enroth-Cugell and Robson(1966)determined that the retina

contained at least two functional ganglion cell classes. They employed the use ofan
oscilloscope to determine the receptive field properties ofganglion cells. An on-center
cell would respond to sinusoidal grating oflight each time the receptive field was
encountered. They would adjust the contrast until the cell's firing rate was the same as
the background. They termed this a "modulated response." They produced a contrast-

sensitivity function when they plotted the function ofthe contrast versus the spatial

frequency. Only about 25% ofthe cells were able to have their contrast-sensitivity
function determined in this manner. The majority ofthe cells behaved in a non-linear
fashion. They exhibited two contrast sensitivity curves, one for the modulated response

and one for the unmodulated response. They termed those that were linear X cells and

those that were non-linear as Y cells(Enroth-Cugell and Robson, 1966; Steineke, 1994).
Stone and Hoffman (1972)described A third fimctional class of retinal ganglion

cells in the cat. Several studies had noted the existence ofganglion cells with properties
that were different from those already described. Stone and Hoffman distinguished them
as a different class that they termed as a W cell.

Gouras(1969)distinguished two groups of cells. One group was more
concentrated around the fovea, responded tonically to standing contrast, was color
coding, and had slower conducting axons which he deduced was smaller than the second

class. The second group, was encountered more frequently in the peripheral retina, was

phasic, had faster conduction axons and was therefore larger than the first group, and did
not code for color. DeMonasterio and Gouras(1975)later grouped these cells according
to whether they coded for color. Gouras(1991)refers to the larger class as a P cell that is
involved in color vision, analysis offine detail, and is wavelength selective. The M cell

is likened to the smaller cell class and shows a relatively transient response to sustained
light.

Morphological Classification

Morphological classifications ofthe ganglion cells came earlier but were later

extensively described in the cat. Boycott and Wassle described three distinct cell types
called a,P, and y cells with an a and b subgrouping indicating off- and on-center cells

respectively (1974). The alpha cells have large dendritic arbors and somas with a larger
caliber axon than other cell classes. The P cells have a medium sized somas and small,

highly branched arbors. Gamma cells have small somas and large, diffuse arbors.
Further studies that examined dendritic stratification showed that on and off-

centered ganglion cells ramify in different portions ofthe IPL (Famiglietti and Kolb,
1976; Nelson era/., 1978;Peichl and Wassle, 1981, 1983; Wassle e/a/., 1981c, 1983b;

Steineke, 1994). Ifthey ramify in the inner half ofthe IPL they are known to be cells that
have center responses to the onset of light. If the ramify in the outer half ofthe IPL they
are cells that have center responses to the offset oflight (Famiglietti and Kolb, 1976;
Nelson et al., 1978; Peichl and Wassle, 1981). Kolb later suggested that three classes of
ganglion cells existed that corresponded to Wassle's a, P, and y ganglion cell types with a
and b subgroups to indicate off- or on-centeredness(1979).
In the primate there is little agreement as to the names ofthe cell classes but most

seem to agree that there are at least two main cell classes. The first class has a large soma
with a large highly branched dendritic arbor. This class ofcells have a larger caliber
axon that extends to the magnocellular layers ofthe LGN and comprise approximately

10% ofthe ganglion cell population (Perry et al, 1984). These cells have been called
parasol cells(Polyak, 1941; Rodieck et al, 1985; Watanabe and Rodieck, 1989), A cells
(Leventhal et al, 1981, Leventhal et al, 1989),Pa cells (Perry et al, 1984), and M cells
(Shapley and Perry, 1986).

The second class has a smaller soma with smaller dendritic arbors than the first

cell class. They have a smaller caliber axon, which extends to the parvocellular layers of

the LGN,and comprise about 80% ofthe ganglion cell types. They have been named
midget cells(Polyak, 1941; Rodieck et al, 1985; Watanabe and Rodieck, 1989), B cells
(Leventhal et al, 1981, Leventhal et al, 1989),Pp cells(Ferry et al, 1984), and P cells

(Shapley and Perry, 1986). Kolb insists that midget cells are actually midget cells and
small parasol cells, which she terms PI and P2 respectively(Kolb et al, 1992). Midget
cells ramify in the middle 70% ofthe IPL and can be comprised of both on and off-

centered cell types and synapse with a single cone/bipolar connected ganglion cell(Kolb,
1994). The remaining 10% ofthe population ofganglion cells is not agreed upon with
estimates that they comprise from two (Leventhal etal, 1981)to fifteen(Kolb etal,
1992) different cell classes.

In this study, little distinction is made between cell types because I found a need
to describe fetal cell classes that had previously remained unclassified. However, when

comparisons to the adult are made,the classes of most interest are the bistratified parasol

cell called the small field bistratified cell and the midget cell. The midget cells comprise
most ofthe non-blue cell types. The cell class that is ofgreatest interest is the small field

bistratified ganglion cell because these are one ofthe cell classes that receive blue input
in the adult.

Midget cells form a mosaic pattern with their arbors in both the inner and outer

portions ofthe IPL(Wassle and Riemann, 1978). The ganglion cells ramify in an
overlapping pattern (Wassle and Riemann, 1978; Wassle et al, 1981b). A mosaic is

formed by the adjacent or near overlapping ofthe cell arbors in the same stratification
level. This tight packing causes the arbors to take on the appearance of a near solid sheet

of nerve fiber(Wassle et al., 1981a). The ratio ofspace covered to space needed to be
covered is 1. It has been generally accepted that all on-cells form a mosaic in sublaminae
b ofthe IPL while the off-cells form a mosaic in sublaminae a ofthe IPL(Wassle and
Boycott, 1991). In the primate, midget cells are known to form mosaics in sublaminae a

and b ofthe IPL, which correspond to off and on mosaics respectively.
Midget cells participate primarily in the red-green opponency pathways. But,the

underlying circuitry remains a puzzle. This pathway receives input fi^om L- or M-cone

inputs. It is not certain whether the midget cell has a direct single cone to a single midget
cell connection or whether there are "cone-type specific" connections to both the center
and the surround of its receptive field (Dacey, 1996). There is evidence that the larger
receptive fields receive convergent, additive information from L- and M-cones that is not
cone-type specific (ibid.).

Current Understanding of Retinal Blue Ganglion Cells

Generally the on- and off-centered circuitry has been accepted to include red (L),
green(M), and blue(S)sensitive ganglion cells contained together in the same
corresponding on- or off-centered layers. The anatomical difference between red/green
on- and off-cells and blue on- and off-cells has been described "morphologically distinct"
in which blue-on cells appeared to have larger cell bodies and dendritic arbors than red

and green ganglion cells(deMonasterio, 1979; Gouras, 1991; Kolb, 1994). Midget

ganglion cells are red on or off, or green on or offtypes. Therefore, blue ganglion cells
do not seem to be midget ganglion cells(Kolb, 1994).
Dacey and Lee recognized one class of blue ganglion on-cell morphology in

macaque retina as being bistratified, that is, they ramify in both on- and off-centered
levels ofthe IPL and respond to short wavelength cone signals in the on-centered portion
ofthe arbor(1994). Further, Dacey described these blue-on ganglion cells as ramifying
in the extreme inner and outer 15% ofthe IPL(1993). In serial radial sections ofa single
small field bistratified cell, he showed that 50-60% ofthe dendrites were stratified in the

85-100% depth and about 35% ofthe dendrites were in the 5-20% depth with the

remaining 10% ofthe dendrites "spread thinly" between these two strata. This is unique
among red/green midget ganglion cells in that the largest majority of cells ramify in the
middle 70% ofthe IPL.

Retinal blue ganglion cells stratify in the extreme inner and outer portions ofthe
IPL. The inner portion ofthe arbor, that is the portion that ramifies in the inner 15% of
the IPL, is sensitive to short wavelength light (blue on response). The outer portion of
the arbor is shown to respond to the offset of a yellow light(Dacey and Lee, 1994;

Dacey, 1996)(Fig. 4). The small field bistratified ganglion cells form the basis for the
blue-yellow opponency pathway(Dacey and Lee, 1994). Intracellular recording and
staining has shown that blue-on/yellow-off opponent responses arise fi-om the small field
bistratified ganglion cell(Dacey, 1996). Dacey(1996)demonstrates that the blue-on/
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Fig. 4 Proposed Blue on Opponency Pathway. Possible opponency circuit for the blueon/yellow-off pathway. L represents the long wavelength red light. M represents the
middle wavelength green light. S represents the short wavelength light. Adapted from
Dacey, 1996.

yellow-off cells have on and offfields that are shared fields derived directly fi^om on- and
off-centered bipolar cells to a bistratified dendritic tree.
The blue-on responses are derived from a direct excitatory input from the blue-

cone bipolar cell and have input into the inner-most portion ofthe dendritic arbor ofthe
small field bistratified ganglion cell(Kouyama and Marshak, 1992; Dacey, 1993a). This
is a "cone type-specific labeled line" fi^om the S-cone to the blue-on ganglion cell

(Dacey, 1996)or in other words,the center ofthe receptive field ofthe small field

bistratified cell has a distinctive blue cone and blue bipolar cell circuitry. The offcentered response has input into the outer-most portion ofthe dendritic arbor ofthe small
field bistratified ganglion cell(Kouyama and Marshak, 1992; Dacey, 1993a). The
surround has input from both red and green cone and bipolar cell circuitry(Dacey, 1996)
(Fig. 4).
The current model for the adult ganglion and inner plexiform layers(Fig. 5)
reflects the understanding that Dacey's small bistratified blue on ganglion cells ramify in
the extreme inner and outer portions ofthe IPL. Suggestions have been made by
deMonasterio etal.{\915), deMonasterio and Gouras(1975), Mariani(1984), and Gouras
(1991)that other types ofganglion cells exist that elicit a response to blue light(Dacey
and Lee, 1994). However,there is no research that reveals the same level of

understanding in the developing fetus regarding the blue ganglion cells.
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Fig.5 Current Model of Retinal Circuitry in the Inner Piexiform Layer. A proposed
model reflecting the current understanding ofthe retinal ganglion cell arborizations
within the inner piexiform layer. The red/green on and off cells ramify in the middle
70% ofthe IPL while the blue on small bistratified cells ramify in the inner and outer
15% ofthe IPL.

Morphologically, the blue on small bistratified cell is well described in the adult

but no such descriptive work exists for the developing fetus. Steineke has explored the

bistratification of retinal ganglion cells in developing fetuses in primates(1994), but his
focus remained the mechanisms of development ofcells in that stratified in the inner 70%
ofthe IPL. His work excluded cells that ramified in the extreme inner and outer portions
ofthe IPL.

In this present study I have observed a class ofretinal ganglion cells that appear in
the fetus that ramify in the extreme inner and/or outer portions ofthe IPL. I have
therefore termed these cell classes in the fetus,"putative blue ganglion cells." In the
body ofthis paper these cells are described both as "putative blue ganglion cells" and
"blue ganglion cells." Unless specifically noted,the fetal blue ganglion cell classes
mentioned in this paper refer to putative blue ganglion cells. Further, it should be
recognized that many ofthese cell classes might not synapse into the circuitry before they
either die or become remodeled. Therefore,these cell classes may not receive input of
any type. On the other hand, it is likely that some ofthese fetal cells will mature to

become adult ganglion cells receiving blue input. At least one class seems to be
morphologically similar to adult blue small field bistratified ganglion cell.

Retinal Ganglion Cell Development

Birth and development ofRhesus macaque retinal ganglion cells begins in the
central retina and continues to the periphery (LaVail et ah, 1991). No discernible
structure exists until between E50 and E60(that is, days 50-60 ofthe embryological
development). The birth ofganglion cells begins at the incipient fovea around E27 and is
completed around E56(ibid.). The peripheral cells generate and develop later. The IPL

and ganglion layers develop during this time. Between E75 and E83 the ganglion cell
layer and the IPL nearly covers the entire retina. The ganglion cells continue to develop
and mature throughout the process(DeJager and Kirby, 1988).

The morphology ofthe cells change as the fetus develops into its adult form. The
number and density of cells decrease as the embryonic age increases. This is due to less

crowding as the area ofthe retina increases in size as well as possible cell death as the
complexity ofthe layers develop. Consequently, the soma and arbor size increases to fill
in the space (Kirby and Chalupa 1986). Other suggested alterations include the loss of
multistratification of dendritic arbors to become a dendritic arbor that ramifies in one

plane within the IPL (Steineke, 1994). It is not known whether blue ganglion cells
develop before or after red/green ganglion cells or whether they develop concurrently and
neither is it known whether they develop at similar rates.

Dendritic arbors ofred/green ganglion cells develop in such a way that the oncells ramify in the b sublaminae ofthe IPL whereas the off-cells ramify in the a
sublaminae ofthe IPL. The average distance ofseparation is about 10 pm between the

"on" position and the "off' position, within the IPL, near the fovea(Wassle et al, 1981a;
Nelson et al., 1978~Fig. 3). Dendritic stratification provides clues as to how the retinal
ganglion cell will be classified. The depth of dendritic stratification provides indirect
evidence that the small bistratified cell receives direct synaptic input from a blue cone
signal pathway(Dacey 1993a). Dacey suggested that the dendritic arbors ofthe blue oncells may ramify just above the red/green on-cell stratification. These cells also tend to

be bistratified (Dacey and Lee, 1994). The depth of stratification ofthe small bistratified
cell suggests that it could be receiving direct input from the blue cone bipolar cells
(Kouyama and Marshak, 1992). These cells correspond to the most common cell in the
blue-yellow color opponent class; blue on-centered cell.

Blue-off cells have been described physiologically as being a minor percentage of
the total blue ganglion cell population (dcMonasterio, 1979; Dacey and Lee, 1994).
Bipolar cell studies by Kouyama and Marshak(1992)indicate that a blue off-center
system exists. They observed that flat contacts by short wavelength bipolar cell dendrites
contact blue cone pedicles. A few off-eentered blue sensitive neurons are found in the

parvocellular layers ofthe lateral geniculate nucleus(Gouras, 1991). Blue off-cells are
not well described but have been observed in my preliminary data as cells that ramify
lower in the IPL than the red or green off-centered cells,just above the nuclear layer.

ADVANTAGES TO BLUE COLOR VISION

Blue color detection is not shared by every species ofvertebrate. It is common to
every species of primates, except nocturnal species (Jacobs, 1996). The reasons that
some species may or may not perceive blue color may be many and may vary in relation
to diet, behavior, or habitat. Variations ofcolor vision vary throughout primate species
due to a polymorphism ofthe retinal photopigments(Mollon et al, 1984/ Blue color
detection could give a species a competitive advantage over other species in the same
habitat. It may be an adaptation that has given species with blue color detection an

advantage and causes this trait to be maintained by kin selection(Morgan et al, 1992).
Nocturnal primates have the S (short wavelength)-opsin gene, but it has a
deleterious mutation that renders it non-functional(Jacobs, 1996). These primates
exhibit monochromatic color vision that is maximally sensitive at wavelength light
(ibid.). They possess M-wavelength photopigments that have genes that are found on the

X chromosome, as it is the case in all primates(Nathans, et al, 1986; Jacobs and Neitz,

1987). Some diurnal prosimians are dichromats, but all have blue color vision. They
tend to be sensitive in the S- and M- wavelengths, and possess only single alleles for
these photopigments(Jacobs, 1993).

Many New World monkeys, on the other hand, have polymorphic variations of

the M- and L-wavelength alleles (Jacobs, 1986; Tovee, 1994). They have six variations
of color vision among most species(Jacobs, 1986). There are three dichromats, all with

blue reception and one ofthree variations on M- or L- wavelength photopigments (ibid.).
They also have, within the same species, three variations oftrichromacy, all possessing
blue vision with combinations ofthe same M- and L- pigments that are found in the
dichromats (ibid.). All males are dichromatic while 66% offemales are trichromats and
only 33% are dichromats.

Old World primates all possess blue color vision and have multiple copies of both
M- and L-wavelength photopigment alleles. They are uniformly trichromatic. Humans
are also uniformly trichromatic but also have significant polymorphism. This is
manifested in several forms of defective color vision known as color blindness, which
occurs mostly in males.

Trichromatic color vision in primates is thought to have arisen at the time ofthe

split ofold world primates and new world primates. New world primates are thought to
represent an intermediate step between non-primate mammals and old world primates

(Jacobs, 1986). The blue ganglion cells exist in the diurnal primate species but not in
most members of nocturnal species, therefore blue circuitry has been thought to be an

earlier evolutionary development than red or green circuitry(Nathans et al., 1986). Many
ganglion cells, in the retinas ofold world primates, relay chromatic information by
reporting the difference between red and green cone inputs (red-green color opponency
pathway)and the difference between blue cones and a sum ofred and green which allows

them to perceive yellow (blue-yellow opponency pathway)(Xiang, et al, 1996).
The lack of detection of blue color in nocturnal species may be due to the s-cone

opsin (blue detecting) gene being turned off and rendered nonfimctional(Jacobs, 1996).
Since these species have no blue vision and there is little polymorphic variation in the Mor L-wavelength photopigments, they are mostly monochromatic. The species receives

information in their retinal ganglion cells that is an interpretation red or green
wavelengths along with the rod input for low level ambient light. The resulting vision
perceives only shades ofred or green light, which may aid in night vision.
Until recently the genetic basis of non-human primate color vision was inferred

by the measurements quantifying color vision offamily groups(Mollon, 1989). In the
past few years the sites ofthe genes for visual color pigments have been located and
sequenced. The genes that specify for the rod pigments and the short wavelength (blue)
cone pigments are located on the third and seventh chromosomes, respectively(Nathans

et al, 1986). The genes that specify for medium (green) and long (red) wavelength light
are located on the q arm ofthe X chromosome. Nathans et al.(1986) sequenced the
genes ofthe four primary photopigments in humans. The results revealed that the amino
acid sequences for S-wave cone pigment is as different from L- and M-wave cone

pigments as it is from the sequence for rod pigment. In a comparison between pairs of

pigments, S-wave pigments shared 42% ofits amino acid sequence with rhodopsin (rod
pigment). L-wave pigments were 43% similar to rhodopsin and M-wave pigments were
44% similar. Further,they showed that 96% similarity between the M- and L-wave
pigments but only 43% similarity when either ofthem was compared with the S-wave
pigment.

The gene sequence ofthe M- and L-wave genes on the X chromosome allows a

high frequency ofrecombination leading to possible gene deletion or the creation of
hybrid genes. For example, in the New World primates there is only a single locus on the
X chromosome for a middle- to long-wavelength cone pigment. However,three alleles
can occur at this locus and each codes for a slightly different cone pigment. As a result,

there are the three types of male dichromats and three types offemale dichromats and
trichromats in each species. Further, Jacobs(1996)concludes that since Old World
monkeys have multiple copies ofthese alleles. New World monkeys are an intermediate
step in color vision evolution.

Polymorphism ofcolor pigment alleles might be a particular adaptation to the

specific ecological niche that new world primates occupy rather than an intermediate
form on the way to the development of old world primate trichromacy. Shjme et ai,
1995 and Jacobs(1996)argues that these traits in both the Old and New World monkeys

are adapted and maintained by selection through foraging behavior and possibly
reproductive behavior(Mollon, 1989; Jacobs and Neitz, 1987).
Many ofthe New World species forage in small groups there may be an
advantage gained by the group ifthere are several different forms ofcolor vision in the

group (Tovee, 1994). The family group having six different variations ofcolor vision can
forage more efficiently because trichromatic vision can spot ripened fiuits more readily
(Mollon, 1989), while dichromatic vision can spot camouflaged foods more easily
(Morgan et ah, 1992; Shyue et al., 1995). If all the traits from a particular family group
were not maintained then that family group would be at a disadvantage compared to other
family groups.
Similarly, old world primates probably benefit in most situations from

trichromacy(Tovee, 1994), although do not appear to be prone to polymorphic variations
as are the new world primates(Jacobs, 1996). The theory has been put forth that Old

World primates and rain-forest colored fruits have co-evolved (Polyak, 1957). Recent
studies have lent fresh evidence to support this view (Grautier-Hion et ah, 1985). They
examined the relationships between frugivors and fruits in a tropical rain forest. They

found that there exists a category that is disproportionately taken by monkeys. Such
fruits are orange or yellow in color, weighing between 5 and 50 g, and are either
dehiscent with arillate seeds or are succulent and fleshy. In contrast birds eat smaller

fruits that are red or purple, while ruminants, rodents, and squirrels take dull colored
fiuits that have a dry fibrous flesh. Thus, it appears that fiuits specialize in attracting
monkeys. The monkey is not a threat to the plant because it is a disperser of its seeds
(ibid).

SPECIFIC AIMS AND HYPOTHESES

The focus ofthis study is on the development and structure of putative blue
ganglion cells (cells that have dendritic arborizations in the extreme inner and/or outer

15% ofthe IPL)ofthe ganglion cell layer ofRhesus macaque. Several questions are
specifically addressed. First, what are the putative blue fetal cell types that exist during

development? Second, how does the ontogeny offetal putative blue ganglion cells
compare with that ofother ganglion cell classes? Third, are there trends in the
development offetal putative blue ganglion cell tjqjes as they reach maturity? Fourth,
what adult cell t5q)es seem to have, if any, a precursor that is among the fetal cell types?

And finally, how does the morphology ofthe fetal blue ganglion cells compare to that of
the adult blue ganglion cells and the fetal red/green ganglion cells?

Fetal Ganglion Cell Classification

Classification systems for fetal retinal ganglion cells have not been developed.
The fetal ganglion cell types have only been described but little in the way of

classification has been done. Kirby and Steineke(1991)described the mechanisms and
sequence of retinal ganglion cell development in the fetus ofRhesus macaque. They
described the bistratified ganglion cells that ramify in the middle 70% ofthe IPL. These

cells form mosaics in both the a and b sublaminae ofthe IPL presumably corresponding
to on- and off-centered cells. In late term fetuses a small number of bistratified cells that

resemble the adult small field cells, described by Dacey(1993a)and Rodieck and

Watanabe(1993), were found comprising approximately 1% ofthe total population.

Morphologically these cells resembled the parasol cells ofthe adult in dendritic
complexity and soma size yet the dendritic fields were smaller like the small field
bistratified cells.

Kirby and Steineke(1994)did note differences between the fetal and adult
bistratified cells. The dendritic arbors ofthe fetal types were both highly branched not
showing the morphological differences reported in the adult. The adult cells were
observed to have larger, more complex inner than outer projections while in the fetal
types the converse was true. The morphologies in the fetus were not consistent with the
adult. Yet a few cells were noted to be similar and had the potential to be the precursors
ofthe adult small field bistratified cells or midget cells.
The fact that they form mosaics is inconsistent with the small field cell type, but is
consistent with the midget mosaics described by Dacey (1993b). The ganglion cell types
that are classified as midgets in the adult are termed midgets because their dendritic field
diameters are found to be only 50 pm in the central retina to ~400 pm in the periphery.
They belong to the physiological class of color-opponent ganglion cells that generally
have small fields. While there seems to be cell tj^es similar to the adult small field and
midget ganglion cell types, there seems to exist a wide variety of cells that are either non
existent in the adult or have not yet been described. No cells that arborize in the extreme
inner or outer portion ofthe IPL have been described in the fetal retinas.

Null Hypothesis One

The blue retinal ganglion cell classes infetus are identical to the cell classes
found in the adult.

To begin to describe the retinal ganglion cell types in the fetus is to take a major
step in identifying the maturation process of adult retinal ganglion cell types. Many of
the fetal ganglion cell classes may exist temporarily. As in any neural system, the adult
system may have undergone many transitional periods of development before maturation.

Iftransient cell types exist in the fetus, then they need to be fully described
morphologically and eventually physiologically examined for their response to light and
other stimuli. Ifthe fetal cell types are identical as the adult types then the retinal
development becomes easier to understand.

Fetal Blue Ganglion Cell Mosaics

In the adult primate, the number ofganglion cells that respond to blue light is only
about 10% ofthe total ganglion cell population. There also are a corresponding number

ofblue cones as compared to red and green cones in the photoreceptor layer(Kouyama
and Marshak, 1992). The red and green ganglion cells are known to form mosaics that
cover the entire retinal area. The likelihood that blue ganglion cells form a tight mosaic
as the red and green ganglion cells do is small because the number of blue cells is less.
The importance ofknowing the ratio ofred/green ganglion cells to blue ganglion cells in

the fetal primate will help determine ifthe mosaics of blue ganglion cells exist, at least at
some stage in development. If so are they structured similarly as the red/green ganglion

cell mosaics and ftirther, whether there would be fewer fetal blue ganglion cells
compared to red/green ganglion cells as in adults(deMonasterio, 1979).

Null Hypothesis Two
There will be no difference in the number offetal blue ganglion cells andfetal
red/green ganglion cells.

Ifthere is a similar number of blue ganglion cells as there are red and green
ganglion cells then the possibility exists that a mosaic of similar structure as the red/green
mosaic that is found in both the mature and fetal retinas. This would not be expected
because the total blue ganglion cell population is only about 10%. So,it would be likely
that that will be the case in the fetus as well. However,if the number of blue ganglion

cells is a smaller proportion than the red and green ganglion cells then it would be likely
to expect that the mosaic structure, if one existed at all, would be different.
Since blue ganglion cells in the adult make up a small portion ofthe total
population of retinal ganglion cells(Dacey, 1993a), it would be expected that the number
of blue ganglion cells in the fetus will also be a small portion ofthe total ganglion cell
population.

Development of Blue Ganglion Cells

The ganglion cell types in the adult have been studied more thoroughly than in the
fetus. When examining the blue ganglion cell types in the adult, Dacey(1993a)
concluded that there is a small bistratified midget cell that is responsible for blue color

vision. DeMonasterio(1979)suggested that other cell morphologies exist that are
sensitive to blue light, but no description is found. There are no descriptions offetal blue
ganglion cells in the literature. Kirby and Steineke(1994) described the bistratified cell
types that they observed in the fetus. They concluded that many ofthem either died or

were remodeled. It would be expected that, although other cells types may exist in the
fetus that do not exist in the adult, the well described small field bistratified cell in the

adult would have an immature counterpart in the developing fetal retina. This fetal
counterpart would be expected to develop similarly as red/green retinal ganglion cells
even thougji there may be morphological differences.

Synaptogenesis

Synaptic connections in the retina appear to occur from the inner- to the outer

most layers with connections in the outer plexiform layer occurring after the inner
plexiform layer has made its connections(Nishimura and Rakic, 1987; Steineke, 1994;
Crook et al, 1995). This process also proceeds centroperipherally from the area
centralis, future site ofthe fovea, to the periphery. Yet within the IPL, it has been
demonstrated that maturation ofthe ganglion cells occurs fi-om the outer-most border to

the inner-most border(Okada et al, 1994). If any ofthe fetal blue ganglion cell tj^es
deviate fi"om this trend then it is likely that that cell tj^e will probably be a temporary
cell class. Further, if any ofthe putative blue ganglion cell types follow the same trend as
observed by Nishimura and Rikic(1987), and Steineke (1994), and Crook etal (1995),

then they cannot be eliminated as possible precursors ofthe adult cells that receive input
from blue cones.

Null Hypothesis Three

There is no maturational sequence in the development offetal blue ganglion cell
classes thatproduce adult blue ganglion cells.
A maturation sequence exists in the development ofganglion cells that arborize in

the middle 70%. Precursors ofcells that form the mosaics of midget cells have been
identified (Steineke, 1994). If similar trends in development exist within the putative
blue cell classes then they could not be eliminated as precursors to adult cell types that
receive input from blue cones.

Morphology of Fetal Blue Ganglion Cells

There are few morphological descriptions of adult blue ganglion cells in the
current literature. Dacey has the most complete description ofthe blue on-centered
ganglion cells in adult macaques and humans(1993a). These he describes as small
bistratified ganglion cells that arborize in the extreme inner and outer portions ofthe EPL.
Steineke's(1994)results show that a large population of bistratified cells exist in the
fetus that are not seen in the adult. They conclude that most ofthe decrease is not due to

cell death but rather a general increase in size and complexity ofone ramification with a
corresponding decrease in the size and complexity ofthe other ramification. It could be

expected that, since red/green retinal ganglion cells undergo cell death (Rakic and Riley,

1983)and remodeling(such as loss ofbistratification in early ganglion cells ofthe
dendritic arbor)in their development, blue retinal ganglion cells would undergo similar

phenomena(Kirby and Steineke, 1991). Further, the cell types offetal blue ganglion
cells should be similar to the cell types ofthe fetal red/green ganglion cells with the
exception ofthe depths of arborization.

The red/green fetal ganglion cell types are similar to the adult counterparts. The
degree ofbranching and size of dendritic coverage increases with maturity until after
birth (Kirby and Chalupa, 1986; Steineke, 1994).

Null Hvpothesis Four

There is no morphological difference, at the same eccentricities, between thefetal
blue ganglion cells and the adult blue ganglion cells.
Since I am comparing the four fetal cell classes with known ganglion cells that
receive input from blue cones, it is necessary to analyze the morphologies ofeach cell
type for possible similarities of adult cells that receive input from blue cones. The small

field bistratified cell described by Dacey(1993a)is the most thoroughly described
ganglion cell that receives blue input. It has morphological characteristics that are unique
to adult retinal ganglion cells that receive color input from cones. I will use these cells as

a model ofthe adult ganglion cells that receive input from blue cones. If any class of
ganglion cells from the fetus is similar in morphological structure and persists in the late
stages offetal development, then they can not be eliminated as possible precursors to
these small field bistratified adult cells.

CHAPTER TWO

MATERIALS AND METHODS

Retinal Explants

Fetal retinas from Rhesus macaque were the source of data for this study. The
fetal retinas studied are E90(90 days gestation) and about El38-140. The age is
estimated from the time of mating and has an accuracy of±3 days(gestation period about
165 days). All specimens that I used were whole-mounted and existed from previous
studies and were prepared under strict conditions using the following protocol.
Fetuses were delivered by Cesarean section. Prior to each surgery, the female
was anesthetized with ketamine(10 mg/kg, i.m.), intubated, and ventilated with a 47-49%
nitrous and 50% oxygen mixture, to which 1-3% halothane was added as primary
anesthetic. Atropine sulfate (0.04 mg/kg, s.c.) and a prophylactic dose of a wide

spectrum antibiotic (Penicillin C procaine, 300,000 units, i.m.) were administered. Vital
signs of heart rate, body temperature, and end tidal CO2 were continuously monitored and

maintained within normal ranges. All animal experimentation was conducted in
accordance with the principles for humane care and use ofanimals as embodied in the

Declaration ofHelsinki(Code ofEthics ofthe World Medical Association) and in
accordance with the guidelines ofthe American Physiological Association and the
Society for Neuroscience.

The surgical procedure consisted ofa midline incision along the linea alba
exposing the abdominal wall which was then opened. The position ofthe fetus was

determined by gently palpating the uterus. When the position ofthe head was determined
the fetus was exposed by an incision through the maternal membranes between the

placenta. Following delivery ofthe fetus, the placenta was removed and all openings
were closed.

Following removal from the uterus, the fetus was deeply anesthetized with

barbiturate (sodium pentobarbital, 100 mg/kg,i.p.) and the retinae rapidly dissected free
(Stone, 1981) and treated as a retinal explant using a modified procedure of Maslim et al.
(1986). The retinas were then placed into oxygenated Dulbecco's modified Eagle's
medium(pH 7.4) containing 10% fetal bovine serum (37 C). Each retina was spread,
nerve fiber layer up, on filter paper while maintaining strict reference to retinal
coordinates. Typically one to three cuts were made into the retina to facilitate this

process. Next,forceps were dipped into a bottle of horseradish peroxidase(HRP; Sigma
type VI), and a few crystals inserted into the retina at 10-12 different locations. The

topography ofthe blood vessels, optic disk, and the incipient foveal centralis determined
placement ofcrystals in specific retinal locations.
The retinas were then placed in a container ofthe same medium and incubated
o

,

at 37 C in a 6.1% €02/93.9% O2 environment for three hours. The medium was replaced
every 15 minutes to insure maintenance of proper pH and oxygenation (Steineke, 1994).
The retinas were washed after incubation in 0.IM phosphate buffer, fixed for 20 minutes

in a 2% gluteraldehyde in 0.1% M phosphate buffer, and reacted for HRP using the

protocol of Adams(1981). This protocol uses a 0.5% solution of diaminobenzidine in
O.IM phosphate buffer(pH 7.4)combined with 0.005% cobalt chloride and 0.004%

nickel ammonium sulfate. The addition ofthese two heavy metals provides a relatively
intense reaction product in fetal tissue while minimizing background artifact or
discoloration, critical for visualization ofsmall dendritic processes in developing
neurons. Following reaction, each retina was rinsed in phosphate buffer, whole mounted
onto gelatinized glass slides, dehydrated and coverslipped.

Mapping and Analysis

Each retina was mapped using stage coordinates for location and eccentricity
from the incipient fovea centralis, or fovea when present, ofthe fetal retina. Arcuate

fibers and blood vessels, that are not found in this area, were used in determining the
location ofthe incipient fovea centralis. All drawings were made at XI953.1(XI00 oil

objective) using Nomarski optics(Nikon, Inc). This optical system was critical to help
resolve the small dendritic arbor processes. This system produces a narrow, flat focal
plane, which minimizes optical distortion. The map that is produced was measured using
a digitizing tablet(Sigma-scan, Jandel Scientific, Corte Mader, CA 94925). The depth of
the arbors was determined by measuring the distance between the focal planes ofthe

terminal processes ofthe arbors. The thickness ofthe inner plexiform layer was
determined by measuring the distance ofthe underlying nuclear layer from the ganglion
cell layer by the distance oftravel on the micrometer scale ofthe fine adjustment knob.
Calibration was against coverslips ofknown thickness. A mark was etched into each side

ofthe coverslip and the planes offocus ofeach mark was used to calculate the depth. A
constant comparison with neighboring cells(Wassle etal, 1981c)combined with

continual rechecking ofthe IPL depth helped give consistent results as a quality control.
All previous days work were quickly rechecked each day before proceeding with
mapping for that day.

The following criteria were used for cells included in the present analysis;(a)the
dendritic processes ofeach cell were well labeled and continuous;(b)terminal dendritic
processes either possessed growth cones or had a high order branch;(c) dendritic
processes were visible and not obscured by adjacent cellular processes or distorted by

blood vessels;(d)classification ofa cell as a ganglion cell depended on a clearly apparent
axon that could be traced from the deposit site in the retina or where it leaves large
fascicles of axons back to the cell body oforigin (Steineke, 1994). Different colored
markers were used in mapping the cells in order to identify the depth to which the arbor

ramified within the IPL. These corresponded to blue for the extreme inner portion, green
for a cell that ramified in sublaminae b, red for the arbor that ramified in sublaminae a,

and black for arbors in the extreme outer portion ofthe IPL. Blue was used to identify
the inner 15% ofthe IPL, green for the rest ofthe upper 1/2, red for the lower 1/2 ofthe
IPL except for the outermost 15% which was reserved for black (Fig. 6).
Statistical evaluations were performed by analysis of variance wherever

applicable and assumptions were met using Microsoft Exel software. The alpha level
was set at 0.05. All variables were treated as between-subjects factors.

Fig.6 A Sample Map of E90 Retinal Ganglion Cells is to illustrate how difFerent color
ink was used to identify cells for later reference. Blue was for putative blue on cells,
green for on cells, red for off cells, and black for putative blue off cells.

RESULTS

A total of889 macaque ganglion cells forms the data base for this study, of which
534 were E90 fetal age and 355 were E138 fetal age. Two E90 and four E138 retinas

from six Rhesus macaque were studied and maps were made depicting the location, arbor
and soma area size, and depth of stratification. The data collected included dendritic
area, soma size, eccentricity, and cell class. The cell class was a determination made

strictly on the basis of stratification depth within the IPL and whether the dendritic arbors

were unistratified, bistratified, or tristratified. All the E90 cells were analyzed for these
parameters while only 72 ofthe 355 E138 cells were analyzed for these parameters. The
remaining 283 El38 cells were analyzed for cell class only.

Morphology

The level ofarborization and the complexity ofthe dendritic arbor are particularly
important in this study. I focused on the ganglion cell classes that ramify in the extreme
inner and outer portion ofthe IPL. Ganglion cells were classified into four fetal cell
classes by the stratification depth oftheir arbors. The first cell class was the bistratified

Blue/Red-Green(B/R-G), where at least one component ofthe dendritic arbor was a
putative blue component. The second cell class was the unistratified, where the dendritic

arbor ramified only in one ofthe putative blue regions(extreme inner or outer portions of
the IPL). The third cell class was the bistratified blue/blue(B/B), where the dendritic

arbor is bistratified but only in both the extreme inner and the extreme outer portions of

the IPL. Finally the fourth class of cell was the tristratified, where at least one

component ofthe dendritic arbor was a putative blue component.
The fetal retinal ganglion cells were immature compared to the adult. The
dendrite was less complex and contains fewer branches (e.g. Fig.'s 7, 8,9 and 10). The
planes offocus were narrow at this magnification, so the plane that was in focus had a
shallow depth. By photographing the cell and its dendritic arbor at several planes offocus
the morphology became more distinct. In Fig. 7 the terminal ends ofthe putative blue off
portions ofthe dendritic arbor could be seen synapsing on the extreme border ofthe IPL
with the inner nuclear layer. The cobblestone effect ofcell bodies in the underlying
nuclear layer was distinguishable. These figures reveal the morphology ofthe E90 fetal
ganglion cells at several depths of stratification. The arbors do not completely cover the

field in which it ramifies because the arbors are immature and thus incomplete.
A bistratified B/R-G cell showing two distinct levels of arborization has one level
in the inner 15% ofthe IPL (Fig. 8). This portion ofthe arbor is within 1 pm ofthe
ganglion cell layer. The second portion ofthe dendritic arbor ramifies in the inner
portion ofthe middle ofthe IPL, about 4 microns below the ganglion cell layer. This cell
is found at 2 mm eccentricity and has less dendritic complexity than the next cell in
Fig. 9 that is at 5 mm eccentricity. The putative "blue-on" portion ofthe arbor is
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Fig. 7 E90 Putative Blue off Ganglion Cell. A 35mm photomicrograph oftwo blue
off-centered retinal ganglion cells. The cobblestone looking background was due to the
closeness ofthe inner nuclear layer that wasjust coming into focus. These cells ramified
in the extreme outer 15% ofthe EPL and therefore were in close communication with the

inner nuclear layer. Arrows show terminal tips that are right on the border between the
inner nuclear layer and IPL. This cell was about 5 mm eccentricity. S = soma;Pa =
Primary dendrite; Tt = Terminal tips; INL = inner nuclear layer—cobblestone looking
background.
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Fig. 8. £90 Bistratifled Putative Blue on/on Retinal Ganglion Cell. A
photomicrograph of successive planes of focus of a putative blue on retinal ganglion cell
at 2 mm eccentricity, a) was the soma of this cell, b) was the portion of the dendritic
arbor that ramifies in the upper 15% of the IPL, and c) was the portion that ramifies in the
middle 70% of the IPL. In this case this cell ramified in the b sublaminae of the IPL.

Note that the neighboring ganglion cell bodies were evident in the inner 15% showing
that the plane of focus was near the ganglion cell layer. Small arrows point out where
arbor portions existed in one plane and were missing just a little lower in the next plane.
Calibration bar is 10 pm.
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Fig. 9. E90 Bistratified Putative Blue off/off Retinal Ganglion Ceil. A

photomicrograph of a series of successive planes of focus of a putative blue off retinal
ganglion cell at 5 mm eccentricity. Bottom left was the cell soma (large arrows are used
to identify), top left was the portion of the IPL that ramifies in the lower middle of the
IPL. Bottom right was the next plane of focus down identifying branches in the bottom
15% of the IPL. Finally, the top right reveals the contacts of the terminal tips of that
putative blue off dendritic portion. The small arrows point out where the terminal tips
synapse with the bipolar cells. Also, evident was the inner nuclear layer cell bodiescobblestone looking effect—which was evidence of the depth of the plane of focus. The
calibration bar is 10 pm

'm

m

m

S

■
m

IS

m

f

/

m

■
m

m
w
■

m

■

m

m

*
*

#

a

'

■
*

Fig. 10 Fetal Tristratified Putative Blue-on/on/off Retinal Ganglion Cell. A
photomicrograph ofan E90 retinal ganglion cell at 2 mm eccentricity that exhibited
arborization in the inner 15% ofthe IPL but had other portions that ramified in both
upper and lower portion ofthe middle ofthe IPL. The lower left was the soma, the upper
left was the portion that ramifies in the inner 15% ofthe IPL. The lower right was the
portion ofthe arbor that ramified in the outer portion of sublaminae b, and the upper right
was the portion ofthe arbor that ramified in sublaminae a ofthe IPL. The calibration bar
is 10 pm.

17.5 jim whereas the "on" portion is 20 pm^. The average dendritic area at this
eccentricity for putative blue-on portions ofthe dendritic arbor is about 10 pm^. So,the
dendritic area covered by this cell is larger than average.
The cell in Fig. 9 was more complex than the cell in Fig. 8 and had a more

complex dendritic arbor. The dendritic area ofthe putative "blue-ofF' portion is 13 pm^

and the area ofthe "off portion was 21 pm^. The average dendritic area for the blue-ofF
arbors at 5 mm eccentricity was about 27 pm^, so this cell was smaller than average in
size. The dendritic arbor has more branches that produce more coverage than the cell in

Fig. 8, and its terminal tips were finer and more complex. Both the cell in Fig. 8 and the
cell in Fig. 9 seemed more diffuse than many ofthe other bistratified cell types. Their

dendritic arbors were not unique to just one plane. The extreme inner and outer portions
shared some branches with the middle portions ofthe dendrite. The cell in Fig. 10 has
two separate portions.

The cell in Fig. 10 was also from the 2 mm eccentricity corridor. It was a
blue-on/on/offtristratified ganglion cell and had a blue-on dendritic area that was about

15 pm^. It was a simple structured dendritic arbor that was multistratified in three
different planes within the IPL. The inner-most portions ofthe arbor were more diffuse
than the outer portion and seemed to arborize in two planes. The innermost arborizes in
the inner 15% ofthe IPL while the major portion arborizes lower in the next 20% ofthe

The morphology becomes more complex as the fetus develops. Fig. 2 was an
example ofan El38 retinal ganglion cell. The dendritic arbor had increased in size about

2 to 3 times, especially in the periphery. Near the fovea the change was not as definite.

Fig. 11 is a micrograph ofan adult parasol cell taken at the same power. Only a fraction
ofthe dendritic arbor could fit into the field of view. This cell was many times greater in
size than the El38 cell. Dendritic complexity was greater and more evenly distributed
and as a result the area ofcoverage was greater. The soma size was several times larger
than the E90 or E138 cells.

Tables 1 and 2 show general cell classes as classified by their stratification depth
in the IPL for both E90 and El38 ages. The cells were measured for eccentricity,
stratification depth, and dendritic area. The level of dendritic arborization was expressed
in terms of percent depth where the inner border ofthe IPL, closest to the ganglion cell
layer, was 0% and the outer border ofthe IPL represents 100%. E90 and E138 cells were
compared for dendritic area at two different eccentricities(Table 3). Differences show
that the cells at eccentricities closer to the fovea have smaller dendritic areas.

Fig. 11 Adult Parasol Retinal Ganglion Cell. A photomicrograph ofan adult parasol
cell. The cell was taken at the same power as Fig.'s 7-10 and has not been enlarged any
differently. The cell was so large that it will not fit in the field of view. The calibration
bar is 10 pm.
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within the IPL

area/cell in mm2

2 mm

0.0099

5-6 mm

inner 15%
inner 15%

0.0347

71

Putative Blue off

2 mm

outer 15%

0.0197

40

5-6 mm

outer 15%

0.0256
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Red/Green on

2 mm

15-50%

0.0164

78

5-6 mm
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0.0284
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Red/Green off

2 mm

50-85%

0.0204

88

5-6 mm

50-85%

0.0295

39

Cell Class
Putative Blue on

Total n
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Table 1 Initial Cell Classification and Average Area for E90 Macaque Retina.

Stratification Depth

Mean dendritic

Cell Class

Distance from
area centralis

within the IPL

area/cell m mm2

Putative Blue on

2 mm

inner 15%

0.0233

5-6 mm

inner 15%

0.1769

2 mm

outer 15%

0.0486

5-6 mm

outer 15%

0.1674

2 mm

15-50%

0.0422

5-6 mm

15-50%

0.2321

2 mm

50-85%

0.0849

5-6 mm

50-85%

0.2114

Putative Blue off
Red/Green on
Red/Green off

Total n

Table 2 Initial Cell Classification and Average Area for £138 Macaque Retina.

Cell Type

Bistratified B/R-G
Umstratmed
Bistratified B/B

Tnstratified

Total

£138 mean

Distance

£90 mean

from area

dendritic arbor

dendritic arbor

centralis

area in mm2

area in mm2

2 mm

0.0122

0.0144

5-6 mm

0.0154

0.0275

2 mm

0.0193

0.0454

5-6 mm

0.0232

0.0651

2 mm

0.0147

n/a

5-6 mm

0.0200

n/a

2 mm

0.0010

0.0043

5-6 mm

0.0118

n/a

Total

Table 3. Four Fetal Retinal Ganglion Cell Classes.

Development

The morphological observations were quantified by the depth of arborization and
the average dendritic area of each cell class. These cell classes were ftirther distinguished
by the eccentricity from the area centralis where they occur. The four cell classes
quantified in this study presumably receive blue input because they ramify in the portion
ofthe IPL in which the blue bipolar cells synapse with ganglion cells(Kouyama and
Marshak, 1992). The bistratified cells that presumably receive input from blue cones
ramify in the extreme inner and/or outer strata ofthe IPL. In the £90 retina, ganglion
cells were shown to have ramified in the inner- and outer-most strata ofthe IPL (Fig. 12).
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Fig. 12 Depth of Stratification vs. Dendritic Area of E90 Putative Blue Bistratified
Cells. This graph reveals the depth of stratification in the IPL vs. dendritic area of
putative blue bistratified ganglion cells in the fetal retina. These cells were mapped from
a 2mm eccentricity corridor superior nasal to the area centralis from the right retina and
contained a total of245 cells in the population. The depth of stratification averaged
about 10-12 microns through this entire area and is expressed in percentages in this
graph. "Blue-on" refers to an arbor that ramified in the inner 15% ofthe IPL. "On"
refers to an arbor that ramified in the inner middle portion ofthe IPL. "Off'refers to an
arbor that ramified in the outer middle IPL. Blue-off refers to an arbor that ramified in

the outer 15% ofthe IPL. (One-way ANOVA,F ;P = 0.006 between the four depths of
stratification.

The E90 data revealed centroperipheral development that was reflected by the
increase in arbor area as the distance into the periphery was increased (Fig. 13). This
data was divided into four categories of distance in the periphery from the area centralis.

0.5, 2, 5 and 6 mm eccentricities. The 6 mm group has a larger relative cell size than

their 2 mm counterparts for each eccentricity. A similar analysis was done with the El38
cells (Fig. 14). A notable exception was found in the E138 data. That is, that the blue-on

and blue-off cells were nearly identical in area at the 5 mm periphery. This is consistent
with other results that were found later on analyses ofthe four fetal cell classes.
The data was then categorized by the four fetal cell classes within two
eccentricities. There was a trend of each cell class that showed the dendritic area

increased with distance into the periphery (Fig. 15). Within each eccentric group it
appears that the cell classes were significantly different in dendritic area. An ANOVA

analysis within and between each group indicated that each cell class was significantly
different in size. The unistratified cells were the largest group in terms of dendritic area.
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Fig. 13 Development of E90 Retinal Ganglion Ceils by Eccentricity. The area of
putative blue-on and blue-offE90 retinal ganglion cells. The mean area in mm2 was the
area ofthe dendritic arbor in the IPL. The blue-off cells are larger at every eccentricity.
These cells ramify in the extreme inner and outer portions ofthe IPL. (Two-way
ANOVA: F7,39,319 = 34.6;P = <0.0001).

Blue-on

Blue-off

Eccentricity

Fig. 14 Development of E138 Retinal Ganglion Cells by Eccentricity. The area of
putative blue-on and blue-ofFE138 retinal ganglion cells. The blue-off cells are larger at
2 mm eccentricity and are about the same at 5 mm. The mean area in mm2 was the area

ofthe dendritic arbor in the IPL.(Two-way ANOVA:

= 4.00;P = 0.024).
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Fig. 15. Comparison of the Four E90 Fetal Cell Classes at Two Different

Eccentricities. The trends ofE90 retinal ganglion cell dendritic area sizesThere was a

significant difference between the 5-6 mm and 2 mm eccentric groups. As they neared
the area centralis their dendritic areas decreased in size. The cells that fell within the

5-6 mm eccentricity from the area centralis had larger relative dendritic areas than their

2 mm eccentric counterparts. (Two-way ANOVA; F7,59,479 = 76.0; P = <0.0001).

In the E138 fetal age, the number of cells analyzed was less than in the E90 fetal
age. But,it was significant that two ofthe four cell classes appeared with far more
frequency (especially the bistratified B/R-G cell type) nearly to the exclusion ofthe other
two classes. The bistratified B/B cell class and the tristratified cell class were seen in a

single occurrence each in the 2 mm eccentric group. Similar trends existed in the two
El38 eccentric groups for each ofthe four cell classes as in the E90 groups(Fig. 16).
However,the four cell classes were not as strongly represented by all four classes. The

dendritic areas ofthe bistratified B/R-G cell class was greater 5 mm in the periphery than
in any other cell classes at either eccentricity. When the El38 cells were compared to the

E90 cells, the unistratified cells had the largest areas and this was a significant anomaly
between the two fetal ages.

During fetal development the abundance ofeach cell class of putative blue cells

decreased. The percentage ofthe putative blue ganglion cells ofthe entire ganglion cell
population at E90 was 35.6% whereas at El38 the percentage of putative blue ganglion
cells was 20.3%. The unistratified cell class drops fi-om 48.9% ofthe putative blue

ganglion cell population to 22.2% ofthe same population. An opposite trend happens
with the bistratified B/B cells and the tristratified cells, they tend to become rare. At E90

the majority ofthe putative blue ganglion cell classes are the unistratified type. However,
the relative abundance of bistratified B/R-G cells seems to increase with age and become

the majority ofthe putative blue ganglion cell classes in the E138 fetal age. They
increase from 33.2% to 70.8% ofthe putative blue ganglion cell population and slightly
increase in numbers relative to the total population (Table 4).
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Fig. 16 Comparison of the Four E138 Fetal Ceil Classes at Two Different
Eccentricities. The trends ofEl38 retinal ganglion cell dendritic area sizes. There was
a significant difference between eccentric groups. The cells that fell within the
5-6 mm eccentricity from the area centralis had larger relative dendritic areas than their
2 mm eccentricity counterparts. Also within eccentric groups, as they neared the area
centralis their dendritic areas decreased in size. The Bistratified B/B class and the

tristratified cells are nearly absent. (Two-way ANOVA: F5,io,65 = 23.7; P = <0.0001).

Table 4. Comparison of the Four Cell Type Frequencies.

Unistr.

Bistr.

E90~# of cells

93

B/R-G
63

18

% Put. Blue pop.
% of Tot Pop

48.9

33.2

17.4

E138~# of cells

16

% Put. Blue pop.

22.2

% of Tot Pop

4.5

Bistr B/B

Tristr.

Tot. Putative

Tot.

Blue Cells

Population

16

190

534

9.4

8.4

—

11.8
51

3.4

3.0

1

1

70.8
14.4

2.8

2.8

~

0.56

0.56

20.3

35.6
72

~

~

355
—
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Analysis of each individual cell class revealed a maturation sequence in the

development ofthe retinal suhlaminae within the inner plexiform layer. Fig. 17 showed
the maturation sequence in the development ofE90 dendritic ganglion cells that seemed
to begin in the outer-most layers and mature toward the inner-most layers ofthe IPL.
Unistratified and Bistratified B/R-G cell classes were used to examine this trend because

ofthe larger number ofcells in each group and because they tend to occur at every level
of stratification. These cell classes were divided into On and Off subgroups that would
correspond to: Unistratified blue on; Unistratified blue off; Bistratified blue on (with a

red or green component); and a Bistratified blue off(with a red or green component).
These cell classes were compared to the Red/Green cell classes so that cells in the middle

ofthe IPL could be compared to the putative blue classes.

I 0.02
c
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g 0.015-L

Blue on Unlstratifled n=25

Red/Green Unlstratifled n=126

Blue off Unlstratifled n=55

Cell Types

Fig. 17. Sequential development of Fetal Putative Blue Retinal Ganglion Cells in
E90 Among Unistratified Cell Classes. Data showed the trend in increasing dendritic
area of unistratified putative blue retinal ganglion cells from the inner-most layer ofthe
IPL to the outer-most layer. Referring to figs. 4 and 5,the blue-on unistratified cells
arborize on the extreme inner-most border ofthe IPL,the Red/Green cells arborize in the

middle 70% and the blue-off unistratified cells arborize in the outer-most layer ofthe
IPL. (One-way ANOVA;F2,205 = 9.71;P = <0.0001).

A similar analysis ofthe El38 retinal ganglion cells produced similar results. The
trend holds for the outer- to inner-most development sequence except, the Red/Green

cells seem to be caught up with the putative blue-off cells in the maturation sequence.
Fig. 18. Also note that the dendritic arbor size was increasing with age.
The trend among the Bistratified B/R-G cells was consistent with the unistratified

data. Fig. 19. These cell classes cannot are not compared with a Red/Green cell class as
were the unistratified cell classes because no comparative cells ofthat class were
recorded. There seems to be less statistical distinction between the dendritic areas ofthe
bistratified cell classes than the unistratified cell classes.

The El38 data shows no significant difference between the putative blue on and

putative blue offin the bistratified subgroups. Fig. 20. sequence in the development of
E90 dendritic ganglion cells that seems to begin in the outermost layers and matures to
the innermost layers ofthe IPL. Unistratified and Bistratified B/R-G cell classes were

used to examine this trend because ofthe larger number ofcells in each group. These
cell classes were divided into On and Off subgroups that would correspond to:
Unistratified blue on; Unistratified blue off; Bistratified blue on (with a red or green
component); and a Bistratified blue off(with a red or green component).

Fig. 18 Sequential development of Fetal Putative Blue Retinal Ganglion Cells in
E138 Among Unistratifled Cell Classes. Data showed the maturation sequence as it
correlated to increasing dendritic area from the inner-most layer ofthe IPL to the outer
most layer. Where referring to figs. 4 and 5 the blue-on unistratified cells arborized on
the extreme inner-most border ofthe IPL, the Red/Green cells arborize in the middle 70%

and the blue-off unistratified cells arborized in the outer-most layer ofthe IPL. Unlike
the E90 fetal retinal ganglion cells the E138 cells toward the outer layers ofthe IPL were
similar in dendritic area. The Red/Green ganglion cells seemed to be similar in size and
maturity as the putative blue off cells. There is no significant difference, due to the small
sample size.(One-way ANOVA: F2,34 = 1.01;P = 0.37).
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Fig. 19. Sequential development of Putative Blue Retinal Ganglion Cells in E90
Fetus Among Bistratified Cell Classes. Data shows the sequence of maturation from
the outermost to innermost layers ofthe IPL. Statistics indicate that the groups are
different. There was less distinction between these cell classes compared to the
unistratified cell classes in Figs. 17 and 18.(One-way ANOVA; Fi,48 = 5.01;P = 0.03).

DISCUSSION

In the Rhesus macaque, ganglion cells appear at about E60-E65. They continue
to develop until several months after birth, especially in the periphery. Birth occurs at
about 165 days gestation. Their retinas have been compared extensively with human
retinas and though some differences exist, they serve as an ideal model to learn about
human vision.

From the results ofthis study, and those of others—especially the work ofDacey
(1993a and 1996), Dacey and Lee (1994), Kirby and Steineke(1991), and of Steineke
(1994),I found that a large population of putative blue ganglion cells exist in the fetus
that does not exist in the adult. Additionally, these ganglion cells have at least four
obvious classes that describe the morphological characteristics oftheir dendritic arbors.

The four fetal putative blue ganglion cell classes are the bistratified blue/blue class,
unistratified class, bistratified blue/red-green class and the tristratified class. These

putative blue cells described in this study were retinal ganglion cells that arborize in the
extreme inner and outer 15% ofthe inner plexiform layer and will henceforth described
as blue ganglion cells.

Second,I found that these fetal cell classes had a maturation sequence that
proceeds from the outer-most to the inner-most borders ofthe IPL. The cells that

arborize in the outer extremes ofthe IPL mature at a faster rate than those that arborize

on the inner extremes ofthe IPL. This maturation sequence proceeds in an opposite

direction than the maturation sequence ofthe retina layers as a whole as synaptogenesis
occurs from the inner portions ofthe retina to the outer portions ofthe retina.
Four Fetal Cell Classes

There are four fetal putative blue retinal ganglion cell classes. These four cell

classes were evident at E90 and were common cell classes among the general ganglion
cell population. By El38, at least two ofthe original four cell classes became rare in
their overall occurrence. The bistratified blue/blue cells and the tristratified cells

occurred at a frequency ofless than 1% ofthe total cell population.
The first class of blue ganglion cells is the unistratified cells that have a dendritic
arbor that ramifies in only one plane within the IPL. This arbor could be in either the

inner- or outer-most portions ofthe IPL. The blue unistratified cell t5q)e may be either a
transient cell class or a cell class that has not been described in the literature in the adult.

They undergo either cell death (Williams etal, 1986; Rakic and Riley, 1983)or
remodeling before it becomes an adult cell class(Kirby and Steineke, 1991). However, it
seems to closely resemble the parasol cells described in the adult. It is likely that this
class undergoes remodeling.
The blue portion of dendritic arbor often times were terminal tips or isolated

branches that extended into the neighboring extreme inner or outer portion ofthe IPL.
The primary dendrite was close to the extreme inner or outer borders within the middle
70%. Often the arbor had a diffuse quality to it where the plane offocus was not wide

enough to focus on all the terminal tips. While a majority ofthe arbor may have laid in

the middle ofthe EPL near the borders with the extreme inner- and outer-most portions, a
significant amount laid just over the 15% border to give it a putative blue classification.
Further, they were not isolated enough to be called bistratified. The results indicate that

this class is reducing its relative abundance in the blue cell population between E90 and
El38. Ifthat trend continues to birth or later it is likely that this class ofcell all but

disappears, probably due to remodeling similarly to the fetal bistratified cells studied by
Kirby and Steineke(1991). It may be that this class completely disappears by birth or
shortly after and becomes midget or parasol cells.
The second class is a tristratified cell class which have never been described in the

literature in the adult. This class of blue ganglion cells has dendritic arbors in at least
three different planes within the inner plexiform layer. These cells tend to have

arborizations that are not as clearly defined to just one plane. However,they do arborize
in three distinct regions ofthe IPL. At least one portion ofthe tristratified cell arborizes
in the extreme inner or outer 15% ofthe IPL, while the other two portions arborize
elsewhere. This class probably undergoes cell death and/or remodeling.
There is no adult tristratified cell in primates or humans that has been described.
Whereas, a small-field bistratified cell has been described in the adult human and

macaque(Dacey, 1993a; Rodieck and Watanabe, 1993). These small-field bistratified
cells possess a bistratified dendritic arbor with either one stratification in the inner- and

outer-most border ofthe IPL(Dacey, 1993a). Steineke(1994)reports that in the late term
fetus that retinal bistratified ganglion cell classes exist that resemble adult classes that

make up about 1% ofthe total population. So,in order for this cell class to persist into

the adult it must undergo remodeling to become a bistratified or unistratified cell.
Further, in the E90 this cell class is relatively rare, but by the El38 it makes up less than
1% ofthe total population and therefore would not be consistent with the small field

bistratified ganglion cell which makes up approximately 6 to 10% at these eccentricities
(Dacey, 1993a). Additionally, it is believed that at least 10% ofthe total adult ganglion
cell population receives blue input(Rodieck and Watanabe, 1993).
It is doubtful that all these cells are the same class ofcell, so it is possible that this
cell could become one of potentially many adult blue ganglion cell classes. This cell
class could be an immature version ofthe other two bistratified fetal cell classes. This is

unlikely since at El38 this cell class can still be found. It is more likely that this cell is
transient and will disappear by birth or shortly thereafter. Alternatively, it may represent
a rarely encountered subclass of blue ganglion cell.
The third class is the bistratified blue/blue ganglion cells. This cell class is a class
of cells that are bistratified and that arborized in both the inner- and outer-most strata of

the IPL. This class is relatively rare at all stages of development but become even more
rare by E138. Ifthe demographic trend for this class continues until the adult, it is
unlikely that this cell appears as an adult cell class. However if it does, it could be

remodeled into the blue bistratified blue/red-green class due to one ofits arbors retreating
into the middle portion ofthe IPL. Additionally, it could have become a unistratified

variety that may or may not receive blue input. Either ofthese alternate explanations
could account for its disappearance between E90 and El38.

The bistratified blue/blue cell class described in this study would be inconsistent

with the adult small field bistratified blue cell class that is described by Dacey(1993a).
At E90,the outer portion ofthe arbor is larger than the inner arbor at a frequency ratio of
2.5;1. For every cell where the inner arbor is larger than the outer portion there are 2.5
cells that have larger outer arbors than inner arbors. The small field bistratified cell in the

adult possesses a large inner dendritic tier with a smaller less complex more outer

portion. The blue/blue bistratified cell class is consistent with this description only 40%
ofthe time. Further, the small field bistratified cell receives input from the blue/yellow
opponency pathway. Ifthis cell is a precursor to an adult class, it must undergo cell
remodeling. Therefore, it would be expected that the outer-most portion ofthe arbor

would be withdrawn into the middle ofthe IPL. Cell death or remodeling seems to
account for the disappearance ofthis cell class.

The final class of blue ganglion cells is the bistratified blue/red-green ganglion
cells. They were described as the bistratified cells that had a dendritic arbor that ramified

in two planes within the IPL. One plane was in the inner- or outer-most 15% ofthe IPL.

The second plane is within the middle ofthe inner plexiform layer. This portion ofthe
arbor receives input from red and/or green cones and that part ofthe arbor is further
classified as either on- or off-centered.

This cell class has smaller dendritic areas and soma sizes than the unistratified

cell class. This cell class could be a potential fetal counterpart to the adult small-field
bistratified blue on cell described by Dacey and Lee(1994). While the other three cell
classes are decreasing in frequency in the total population, this bistratified cell class has a

stable frequency (Note: the entire blue ganglion cell population is decreasing relative to
the rest ofthe ganglion cell population-from about 36% in E90 fetal tissue to about 20%

in E138 fetal tissue). This cell class has an increasing relative abundance among the four
blue cell classes from about 33% ofthe blue cells at E90,to nearly 71% ofthe total blue
cell population at El38. But even with this increase in its relative distribution it still

maintains about 14% ofthe total ganglion cell population in E138. Ifthis trend ofrelative

abundance continues until birth it would be the major blue ganglion cell class found
thereafter. Further remodeling or cell death in the late term fetus could account for the

large number ofthese cells at E90 and El38 as contrasted with the relatively small
number of adult blue ganglion cells.

I have focused mainly on the possibility that some ofthe fetal blue cells may
develop into some class of adult blue ganglion cell, potentially the small field bistratified

blue-on ganglion cells. But my results suggest, that if a blue off system existed, a
reasonable number of ganglion cells ramify in the extreme outer layer ofthe EPL to

justify their mention. Kouyama and Marshak(1992)suggest in their concluding
statements that a blue offsystem probably exists. They cite the evidence that

dcMonasterio and Gouras(1975), Smith(1989)and Gouras(1991)reported, as well as

their own results. Observations revealed bipolar cell dendrites contacting putative blue
cone pedicles in the outer portion ofthe IPL(Kouyama and Marshak, 1992). This is

important to consider because little is known about a blue-offreceptive system. If
bipolars that synapse in the outer portion ofthe EPL exist and they are contacting blue
cones pedicles, then they most likely will be relaying blue input to ganglion cells. Since

they synapse in the outer portion ofthe IPL, this would be an off-centered response.
Therefore, it would be possible that at least some ofthe putative blue-off cells observed

in this study would develop into a blue-off system that has not been previously described.
At least the potential precursors exist.

A proposed model illustrates the descriptions ofthe four fetal putative blue retinal
ganglion cell classes (Fig. 21).

Fig. 21 Model for the Four Major Fetal Putative Blue Ganglion Cell Classes
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Fig 21 illustrates a working model ofthe proposed four putative blue cell classes. Cells
ofeach class are numbered 1-4 and show the different morphologies oftheir dendritic
arbors.

Further research that studies the physiological response to light and electron

microscopic section studies ofthese cell four fetal cell classes is needed to verify that
these cell classes are precursors to blue ganglion cells. Several questions could be
studied. First, do these cell classes respond to the onset of blue light? Second, is
synaptogenesis even complete so that these cells could respond to light at all? Third, are

there a fetal cell classes that respond to both the onset and the offset of blue light?
Further studies could also focus in on the continuing development ofthe four ganglion
cell classes described in this study. Some questions that could be asked are: does the

trend of decreasing blue cells continue to birth or adult? What happens up to birth and
after of each ofthe four classes? Do these four cell classes experience cell death or
remodeling?

Ratios of Red/Green to Blue Ganglion Cells

The results reveal a significant difference between the red/green ganglion cell and
the blue ganglion cell frequency of occurrence during fetal development. It would be
expected that this would be the case. However,the surprising element ofthese results is

the relative abundance of putative blue cells at E90 as compared to the adult and then

their significant decrease in abundance by El38. In the adult primates the retinal
ganglion cells that have been reported to respond to the onset of blue light ranges

between 5 and 10% ofthe total cell population(Zrenner et al, 1990). 19% of ganglion
cells in a rhesus monkey were identified as receiving blue cone input(deMonasterio,

1979). Ofthese cells, he reports that 91% had received on-center responses and 9% had
received off-center responses. Dacey(1993a)showed that about 2-8% ofganglion cells
were small field bistratified ganglion cells in both macaque and human retinas. About
10% of cones in the photoreceptor layer are labeled with monoclonal antibodies

identifying them as blue cones(Wikler and Rakic, 1991). Kouyama and Marshak(1992)
found that there were 20% more blue bipolar cells than blue cone cells. Since the small

field bistratified cell portion ofthe arbor that receives the blue on input contacts a single
bipolar cell, the percentage of blue ganglion cells would consistent with the percentage of
bipolar cells in terms oftheir respective total populations.

There are nearly ten million cones and about one and a half million ganglion cells

in the adult and about three to five million in the fetus during this time period. Although
the population of blue ganglion cells and blue bipolar cells may be similar, they may not,
and there is no way to project the percentage ofthe population of ganglion cells that the

blue ganglion cells make up because the total population ofeach may be drastically
different. Consequently, using Zrenner et al.'s(1990)estimation, approximately 5-10%
ofthe total population ofretinal ganglion cells are probably receiving blue input fi-om
cones in the Rhesus macaque. The results ofthis present study show that the E90

population is about 36% putative blue ganglion cells and the rest red and green cells in a

population ofabout five million. The number of blue cells declines to about 20% by
E138 and the rest are red and green cells in a population ofabout three million. The blue

ganglion cell population declines faster than the general ganglion cell population in the

fetus. Many ofthe cells are probably lost by programmed cell death. It is likely that the

blue retinal ganglion cell population in the fetus continues to decrease until birth or later

until the approximate value of5-10% ofthe total ganglion cell population is reached.
The mechanisms ofthis phenomenon need to be studied to determine the impact

this reduction has on the mosaic formation, if any. The blue ganglion cells are widely
distributed across the retina, but there is little evidence that would indicate a mosaic is

forming. The problem is that the data is inconclusive. There is obviously a large amount
ofcell frequency reduction occurring between E90 and E138. Without knowing which
cells remain and which cells either disappear or become remodeled into some other

morphological cell type, it is difficult to predict the impact that this cell reduction has on

mosaic formation. There is no doubt that the lower number of mature blue ganglion in
the adult will cause a different mosaic structure than that ofthe red/green mosaic, if one
exists at all. This is especially true in the and near the foveal region where Dacey

estimates only about 1% ofganglion cells receive blue input in the adult(1993a).
Later studies should include efforts to determine ifthe reduction in putative blue

ganglion cells continues until birth. An understanding ofthe progress in morphological
cell type formation would help determine what adult cell class develops from a particular
fetal cell type, if any. Studies that could determine if fetal putative blue cell classes

actually synapse with blue circuitry would be helpful in determining which cells are
precursors to adult blue ganglion cell classes. Further, distances should be mapped

between putative blue cells should be made at E90,E138, and around birth. These maps
should be analyzed to determine any geometrical patterns and changes during

development. This type ofstudy would be helpful in determining mosaic formation and
further document cell class remodeling and programmed cell death patterns.

Maturation Sequence of Retinal Ganglion Cells

The ontogeny of blue retinal ganglion cells seems to be similar to that ofthe red

and green ganglion cells. Further, our results suggest that the maturation sequence starts
with the OFF circuitry in the IPL. The extreme outer portion ofthe IPL has the most
developed ganglion cell arbors at E90, Fig. 8. These cell dendritic arbors are about 87%

larger than the arbors ofthe cells that border on the extreme inner portion ofthe EPL.

The outer cells are approximately 33% larger than the red and green ganglion cells from
the middle ofthe IPL. Thus, a trend from the outside to the inside ofthe IPL occurs

developmentally, as supported by Okada etal.(1994).
Once the ganglion cell begins its dendritic development within the IPL ofthe

retina, it becomes more complex and larger in size. The dendrites develop spines and

become highly branched. They become confined to a specific region ofthe IPL during
the end offetal development and early postnatal development. Synaptogenesis appears to
proceed from an inner to outer direction within the retina, with the outer plexiform
synapses appearing slightly later than synapses in the inner plexiform layer(Nishimura

and Rakic, 1987b; Okada et al, 1994). Synaptic contacts between cones and bipolar cells
can be seen in the far periphery by El25 and first appear at E60 in the area centralis

where there are only cones and no rods. Radially, it appears that synapses occurs

centroperipherally, from the fovea outward to the periphery (ibid.). Vertically it would

be expected that synapses would become completed from an "inner to outer" direction

within the IPL, according to the larger trend ofsynaptogenesis within the retina as a
whole. In fact, synaptogenesis does occur from an "inner to outer" direction in the retinal

layers but evidence reported Okada et a/.(1994)reveals that within the IPL this does not

appear to be the case. Their research reveals that the SV2 protein appears in the outer

portion ofthe IPL first. This suggests that synaptogenesis is occurring first appears in the
outer-most portion ofthe IPL. This suggests that within the IPL the off-centered cell

circuitry develops first. This is consistent with my results.

By El38 the red and green cells have reached the same level of maturity as the
outer cells. Fig. 9. The inner cell arbors are still significantly smaller than the outer, red,
and green cell arbors. In fact, the outer ganglion cell arbors are over two times the size of

the inner arbors. However,the sample size is small in both categories of blue cells at

El38 and the P value indicates that there is no statistical difference between the groups.
The P value was re-evaluated between just the blue on and blue off groups and was still
shown to be insignificant. Further mapping ofthe dendritic arbor characteristics is
needed to verify these results.
The maturation sequence is demonstrated in the E90 and El38 to occur from the
outer-most strata ofthe IPL to the inner-most strata. The evidence from the El38 is

inconclusive but, the trend seems likely to continue. An evaluation ofthe bistratified

cells in the E90 is consistent with the unistratified cell class results. But again, the E138
results are not significant. The trend either is not valid with the bistratified cell classes or

by E138 the bistratified cells are nearly equal in maturity when comparing the inner-most
with the outer-most stratifications.

Conclusions

The results ofthis study reveal that in the fetal retinas ofRhesus macaque four

cell classes exist by E90. When compared to data from the E138 fetal age, two ofthese
cell classes become rare. It would seem that the bistratified blue/blue and the tristratified

cell classes are transient cell classes. Further, the results indicate that the unistratified

cell class is mostly a transient class of cells, but still a major class, even at E138.
Conversely, observations reveal that the bistratified blue/red-green cell class does not
seem to be transient. It has a comparable frequency at El38 as at E90. As the retina
matures, the three transient cell classes are largely remodeled whereas the bistratified

blue/red-green cells simply mature in size and complexity.
The overall morphology ofthese cells indicate that they are not as large as the
unistratified cell class in dendritic area or soma size. They are bistratified with one arbor

portion ramifying in the inner or outer 15% ofthe IPL. Therefore,this cell class may be
a precursor to the small field bistratified cell described by Dacey.

Further, the maturation sequence ofthe four classes of putative blue ganglion

cells appears to progress from outer-most to inner-most within the IPL. Where ganglion
cells that project a portion oftheir arbors into the outer portion ofthe IPL will mature
more quickly than those cells that ramify in the inner portion ofthe IPL. There also

exists in each ofthe four fetal cell classes cells that ramify in the extreme outer 15% of

the IPL, some of which may be precursors to a yet unsubstantiated blue off pathway.

APPENDIX

A. Raw Data From Map 1 Analysis
Map 1 Data

5-6 mm Inferior Nasal

On dend M1

Off dend M1

5.98E-01

1.20E+00

1.53E-02

0.027256

P = 0.000095

Off Soma Ml

On Soma Ml

5.38E-02
0.001223

P not evaluated for somas

Four Cell Classes

Bistratified

Unistrat.
1.09E+00

2.92E-01

0.020405

2.48E-02

1.82E-02

0.01063

Count

Bi Blon/Bloff

0.32648

0.013234

Average

Sum

Tristrat.

0.01498

Variance

0.32648

0.020405

1.09278

0.024836

0.000175 P=0.0103

0.2919

0.018244

0.000224

0.013143

0.003286

8.95E-06

0.000113

Area Differences between Blue on and Blue off Cells
Bl-on

Groups

Bl-off

Count

Column 1
Column 2

Sum
42
44

0.67358
1.1992

Average

Variance

0.016038
0.027255
P-value

Unistratified Cell Analysis-Blue
SUM

Bl-on uni
Bl-off uni
3.85E-01
1.52E+00
Blue on
Blue off
N = 25
N = 55
1.54E-02

2.77E-02

0.010656

0.012422

Count

Sum

Average

25

0.38542

0.015417

55

1.52144

0.027663

P= 0.000056

Variance

82

B. Raw Data from Map 2 Analysis
Map 2 Data

2-3 mm Supenor nasal

On Dend M2

Off Dend M2

Count

Sum

/
Average

vanance

34

0.33762

0.00993

3.31 E-05

40

0.7889

0.019723

0.000152

P = 0.000064

Four Cell Class Analysis
Bistratified

Unistratified

Count

Sum

Bl-on uni

Bi on&off

Average

Tristratified

Variance

0.40271

0.012203

9.47E-05

0.63573

0.019265

0.000134

0.11757

0.014696

0.000123

0.04978

0.009956

2.98E-05

Bl-off uni

Count

Sum

Average

Variance

8

0.08418

0.010523

6.32E-06

23

0.54068

0.023508

0.000148

P = 0.0060

83

C. Raw Data from Map 3 Analysis
Map 3 Data

5-6 mm Inferior nasal

Bl on

Bl off

Count

Sum

Average

Vanance

11

0.14462

0.013147

4.78E-05

14

0.34454

0.02461

0.000138

P = 0.0087

Analysis of 4 Cell Classes
Count

Sum

Average

0.19201

0.01477

0.2068

0.029543

0.0183

0.0183

0.0533

0.02665

Variance

8.36E-05 Bistr
0.000128 Unistr
#DIV/0!

P = 0.026

Analysis of Unstr. Blue (Map 3)
Bl on

Bl off

Count

Sum

Average

Variance

2

0.0314

0.0157

8.98E-05

5

0.1754

0.03508

3.47E-05

P = 0.019

B/B Bistr

3.13E-06 Tristr

84

D. Raw Data from Maps 4,5,6,7,and 8
Map 4,5,6,7, and 8 Data Analysis 5-6 mm nasal
Bl on

Bl off

Count

Sum

21
11

0.17869
0.22407

Average
0.008509
0.02037

Variance

3.82E-05
0.000114

P = 0.00038
4 Cell Classes

Count

Sum

Average

Variance

15

0.15873

0.010582

6.66E-05

9
3
5

0.09043
0.0907
0.0629

0.010048
0.030233
0.01258

3.52E-05
9.2E-05

0.000116

P = 0.0052

Unistratified Analysis-Blue (Maps 4,5,6,7, and 8)
Bl on

Bl off

Count

Sum
5
5

0.05876
0.05987
P = 0.968

Average
0.011752
0.011974

Variance

8.9E-05
5.54E-05

E. Raw Data from E90 Red/Green Cells from all peripheries.
E90 Red/Green cells at all peripheries
Count

Sum

Average

Variance

1.365231

0.028442

0.000219 on 5-6 mm

1.150821

0.029508

0.000141 off 5-6 mm

1.279415

0.016403

7.09E-05 on 2 mm

1.792096

0.020365

0.00012 off 2 mm

P= 1.2E-10

El38 Red/Green cells
Count

Sum

Average

Variance

10

2.32087

0.232087

0.005833 on 5-6 mm

8

1.69151

0.211439

0.008485 off 5-6 mm

P = 0.61
Count

Sum

Average

Variance

7

0.2955

0.042214

0.000398 on 2 mm

12

1.01926

0.084938

0.001058 off 2 mm

P = 0.0061

Not all cells were included in this data table. Cells were picked randomly throughout
each mapped region.

F. Raw Data from 5-6 mm E138 cells

E138 Map Data Analysis-5-6 mm Inferior Nasal
Bl on

Bl off

Count

Average

Sum

variance

7

1.23842

0.176917

0.021557

7

1.17181

0.167401

0.013047

P = 0.895

Tot. Cell count: 78

Four Cell Classes
Bistr

Unistr

Count

Count

B/B Bistr

Average

Sum
2.2766

0.206964

0.1361

0.045367

Tristr

Variance
0.014377
0.000908

0

#DIV/0!

0

#DIV/0!

#DIV/0!

Average

Variance

Sum

#DIV/0!

2.2766

0.206964

0.014377

0.1361

0.045367

0.000908

P = 0.044

G. Raw Data from 2 mm E138 cells
E138 2mm inf. nasal
Bl on

Bi off

Anova: Single Factor
SUMMARY

Groups

Count

Average

Sum

Variance

Column 1

6

0.1526

0.025433

Column 2

4

0.26026

0.065065

Column 3

1

0.0398

0.0398

#DIV/0!

Column 4

1

0.00433

0.00433

#DIV/0!

0.000114

0.001547

ANOVA
Source of

SS

df

MS

F

P-value

F crit

0.127547

4.06618

Variation
Between

0.005014

3

0.001671

0.005213

8

0.000652

Groups
Wittiin

Groups
Total

0.010228

11

2.564911

H. E90 Summary at 5-6 mm periphery
E90 5-6 mm periphery Data for the Four Ceil Classes
Anova: Single Factor
SUMMARY

Groups

Count

Average

Sum

Variance

Column 1

44

0.67722

0.015391

Column 2

60

1.39001

0.023167

0.000179 Unistr

Column 3

14

0.4009

0.020045

0.000206 B/B Bistr

Column 4

11

0.129343

0.011758

0.000123 Tristr

0.000102 Bistr

ANOVA
Source of

SS

df

MS

F

P-value

4.800218

0.003321

Fcrit

Variation
Between

0.002206

3

0.000735

0.020064

124

0.000153

0.02227

128

2.673744

Groups
Within

Groups
Total

1. Data Summary for E90 2mm periphery cells
E90 2mm periphery Data for the Four Cell Classes
Anova: Single Factor
SUMMARY

Groups

Count

Average

Sum

Variance

Column 1

20

0.40271

0.012203

9.47E-05 Bistr

Column 2

33

0.63573

0.019265

0.000134 Unistr

Column 3

4

0.11757

0.014696

0.000123 B/B Bistr

Column 4

5

0.04978

0.009956

2.98E-05 Tristr

ANOVA
Source of

Variation
Between

SS

df

MS

0.000981

1

0.000327

0.008289

60

0.000111

0.00927

61

Groups
Within

Groups
Total

F

P-vaiue

2.957849

0.037712

Fcrit
2.726594
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